Non-invasive and real-time visualisation of metabolic activities in living small organisms such as zebrafish embryo and larvae has not yet been attempted due to profound analytical limitations of existing technologies. Significant progress in the development of physico-optical oxygen sensors using luminescence quenching by molecular oxygen has recently been made. Sensing using such microsensors is, however, still performed in small glass chambers that hold single specimens and thus not amenable for high-throughput data acquisition.
INTRODUCTION
Significant progress in the development of physico-optical oxygen sensors using luminescence quenching by molecular oxygen has recently been made 1, 2 . Sensing using such microsensors is, however, still performed in small glass chambers that hold single specimens and thus not amenable for high-throughput data acquisition 3 . Moreover, conventional measurements can only be taken along one dimension and provide classical, averaged results of metabolic activities of an entire specimen 3 . As such they do not provide any spatial-temporal information of, for example, 2D and 2D+time oxygen distributions inside the living tissues or medium surrounding the specimen 3 . These profound analytical limitations restrict fundamental studies on how abiotic and pharmacological stimuli affect embryonic physiology, the developmental stage when animals are typically considered to be most sensitive to environmental perturbations.
Recently a new generation of Fluorescence Ratiometric Imaging (FRIM) systems based on kinetic quantification of the fluorescence signal coming from an optical sensor often referred to as "sensor foils" have been developed [4] [5] [6] . These miniaturised systems can be used to observe the temporal patterns of aqueous oxygen gradients at a very fine scale. In this work, we demonstrate a proof-of-concept microfluidic technology combined with the latest generation of sensor foil oxygen detection system (VisiSens, PreSens Inc., Germany) [4] [5] [6] . As an investigative tool, LOCs represent a new direction that may miniaturise and revolutionise research on metabolism and physiology in vivo [7] [8] [9] .
In this study, we demonstrate a proof-of-concept microfluidic technology combined with the latest generation of sensor foil oxygen detection system. Lab-on-a-Chip represents a new direction that may miniaturize and revolutionize research on metabolism and physiology in vivo. Our preliminary objective was to determine whether the sensor foil oxygen detection system can be effectively integrated into the chip-based platform and allow for characterization of oxygen gradients with the accuracy and precision needed to estimate embryonic oxygen consumption rates in zebrafish embryos. Our work showcases a new research avenue that enables non-invasive measurement of metabolic activities in larval vertebrates and performed on miniaturized chip-based laboratories.
MATERIALS AND METHODS

Zebrafish husbandry and embryo culture
Adult wild type zebrafish were held in a recirculating aquatic system on a 14h:10h light:dark cycle. Fish were fed twice daily, once with live crustaceans Artemia sp. and once with dry food. Environmental temperature was maintained at 27.5°C and environmental pH at 7.5-8.0. Zebrafish embryos were obtained from pair-wise mating and natural spawning of the adult zebrafish 8, 10 . Eggs were retrieved from spawning groups of four males and three females. Fertilized eggs were collected within an hour of spawning and transferred to embryonic medium (i.e., E3 consisting of 146 mg/l NaCl; 6.3 mg/l KCl; 24.3 mg/l CaCl 2 ; 40.7 mg/l MgSO 4 ). Embryos were cultured in this solution and held in a dark incubator at 28°C until use. Animals were treated according to University of Auckland Animal Care regulations.
Microfluidic chip fabrication
A microfluidic system consisted of a 3D multilayer chip-based device fabricated in a biologically compatible and optically transparent PMMA polymer using infrared laser micromachining ( Figure 1A ) as described earlier 8, 10 . The 3D chip comprised of five integrated modules: (i) a main loading channel (52 mm × 1.8 mm × 1.0 mm) for embryo loading, toxicant delivery and post-analysis embryo recovery; (ii) a linear array of 18 miniaturized embryo traps (ϕ 1.5mm × 1 mm) beneath the loading channel, for single embryo trapping and immobilization (Figure 1 and B) . The dimensions of the wells were designed not only to hold one embryo, but also to ensure that the following embryos would continue through the chip until the next well was reached ( Figure 1C ). In this way, multiple wells could be rapidly loaded with embryos ( Figure 1C ). Leaving some microwells unoccupied allowed for an internal control to characterize oxygen levels in the solution over the course of the experiment; (iii) a suction manifold included both interconnecting channels (0.3 mm × 1.6 mm × 0.5 mm) for each well and a main suction channel (53 mm × 2.5 mm × 0.5 mm). The small channels created a suction force to help embryo docking, immobilization and solution delivery ( Figure 1A and B). The suction manifold was positioned at the side of traps, providing both upright and inverted imaging capabilities; (iv) inlet and outlet connection ports (ϕ 2.9mm) were cut for direct tubing (1/16" OD) connections or docking with the connectors on the off-chip interface; (v) sensing manifold comprising of an additional layer with embedded Presens Sensor Foils ( Figure 1C -E). The sensor foils were made of a plastic backing coated with a non-consuming, non-binding oxygen fluorescing substance that was indicative of oxygen tension (i.e., partial pressure of oxygen as dissolved gas in an aqueous solution) in a two dimensional plane ( Figure 1 ) [4] [5] [6] . The indicator dye was emitting fluorescence that was dynamically quenched by oxygen while the reference dye was emitting a constant green light signal [4] [5] [6] . The sensor foils were placed on the bottom plane of the chip-based device and in direct contact with the immobilized embryos ( Figure  1C -E).
Oxygen detection
Oxygen detection was accomplished through the use of a Presens ® VisiSens™ system that detects sensor foil signals using a miniaturised USB-based digital microimaging system ( Figure 1D ) [4] [5] [6] . The detector unit consisted of a portable USB microscope (magnification 10X or greater depending on the adaptors being used) connected to a laptop computer (Toshiba Satellite P70) ( Figure 1D ). The acquisition software (VisiSens Analytical 1, ver. 1.13) supported capture of 1.3 megapixel images at up to 0.5 frames per second (fps) ( Figure 1D ). The software allowed calculation of oxygen levels on this foil through calibration of fluorescence readings with known oxygen levels as analysed. Specifically, the detector tension. To obtain measurements from the oxygen sensing foils, images were taken in sequence and fluorescence within a ROI was recorded over the entire time course of the experiment. Fluorescence values were then entered into a calibration equation within the software. For calibration, ROIs were selected from the entire well, although fluorescence values and calibration curves were similar between experiments. For experiments, ROI were selected from the region proximal to the embryo.
RESULTS AND DISCUSSION
To investigate how altering supply of oxygen would affect oxygen gradients under resting metabolic demand, embryos (between 30 and 40 hpf) were loaded onto the chips, protected from ambient light, and allowed to acclimatize to their new environment for 30 minutes at a high rate of solution perfusion. After this period, perfusion rates were set to a specific flow rate, a short period was given to allow the new flow rate to become stable, and measurements were then taken for two minutes, each measurement being 10 seconds apart. This protocol was performed with different embryos (n=10 each time) at three different flow rates (approximately 0.4, 0.1, and 0.05 ml min -1 ), randomly ordered. These flow rates were selected based on preliminary work demonstrating that oxygen gradients could be increased when flow rates were reduced to these levels.
To characterise how oxygen gradients could be perceived during depletion of oxygen and recovery of pre-depletion gradients, embryos were observed during cessation and reinstatement of flow of oxygen saturated water. After embryos were loaded in the chips, 30 minutes was allowed to pass, and then all flow to the embryos was shut off for 120 sec. Perfusion was then restarted at 0.4 ml/min. Measurements were obtained in a similar manner as that described above (24 measurements taken once every 10 seconds).
Oxygen sensitivity as observed during calibration was high, with substantial changes occurring rapidly with the introduction of the anoxia solution (Figure 2A) . However, the excessive fluorescence of the oxygen sensing foils when exposed to air confirmed that calibration in air was inappropriate due to the much greater oxygen content of air compared to water ( Figure 2B) , and emphasized the necessity of ensuring that solutions were free of air bubbles. Over the course of the experiments, all embryos survived experimental treatments. No phenotypic i.e. morphological abnormalities were noticeable during embryo development on the chip. The cumulative survival of embryos that were immobilized on a chip-based device was over 99±1%. In comparison, in control experiments performed on a Petri dish the cumulative survival of embryos was also over 99±1%. Moreover, no discernible phenotypic effects on cardiovascular function (e.g. heart rate) and behavioural traits were observed in recovered specimens that were immobilized on a chipbased device and all parameters were statistically comparable with control groups kept in static Petri dish control experiments. This was despite observing O 2 tensions proximal to the embryo as low as 5% of air saturation for periods of several minutes. Oxygen levels in wells without embryos did not drop over the course of the experiment.
By altering flow, we were able to alter the concentration of oxygen in the proximal contact zones of the zebrafish embryos. Proximal ROIs were determined through directly assessing embryo positioning from light imagery, and outlining that entire area of the chorion in the fluorescent image (see representative image collage, Figure 2C ). At the highest flow rates, oxygen levels appeared to be relatively stable over the 120 sec trial. In contrast, when we reduced flow by ½ or ¾ (from 0.4 to 0.2 or 0.1 ml/min) oxygen levels dropped from approximately 100% after 120 sec to 50% or 20% respectively ( Figure 2D,E) , thus indicating a mismatch between O 2 demand and supply. When flow (0.4 ml/min) to the embryo was ceased, oxygen levels fell rapidly in the areas close to the embryos, such that over 120 seconds, anoxic zones (oxygen levels of less than 5% air saturation) were created proximal to the embryos ( Figure 2F ). When water flow was reintroduced, oxygen levels surrounding the embryo slowly increased for the first 30 sec, but then increased dramatically and had returned to normal within 60 sec of reintroducing flow at the initial rate (0.4 ml/min, Figure 2F ).
Oxygen sensing using embedded on-a-chip sensor foil technology was deemed sufficient to record clear oxygen gradients surrounding zebrafish embryos. Thus it is feasible that, if estimates of oxygen content available to the embryo can be made based on chamber size and flow rates of water, then using predictive diffusion models, MO 2 of individual embryos will also be able to be estimated from these images 11 . Certainly relative oxygen consumption rates may be estimated from changes in O 2 levels or gradients surrounding the embryos, and when used in conjunction with other recent experimental protocols, such as multiwell assays; 12 could provide remarkable insight into oxygen uptake dynamics. Of particular interest might be, for example, how changes in laminar flow, particular concentrations (i.e., sediment levels), temperatures or water pH affect oxygen gradients. In our hands, integration of sensor foil oxygen detection sys and, although effective as a oxygen cons focused on ap 
CONCLUSIONS
In this work, we demonstrated a proof-of-concept approach for non-invasive and real-time visualisation of metabolic activities by using microfluidic Lab-on-a-Chip (LOC) technologies combined with optoelectronic sensors. It was achieved by immobilising live zebrafish embryos with continuous flow perfusion, while using Fluorescence Ratiometric Imaging (FRIM) technology to quantify the temporal patterns of aqueous oxygen gradients kinetically from an optical sensor. We postulate that this technology will be an effective tool for metabolic studies focused on stationary aquatic organisms similar in size and/or oxygen consumption rates to the zebrafish embryos examined here. Future work is needed on applications of much higher resolution and more sensitive CMOS sensors used in the detector unit.
